Seasonal shifts in calcium carbonate solution equilibria in the limnetic zone of Lake Constance were documented between 1981 and 1983. Except during mixing times, lake water was supersaturated with respect to calcite; epilimnetic supersaturation maxima were closely related to changes in pH. Sedimentation of calcium from the lower boundary of the euphotic zone to the lake bottom was also assessed. The daily sedimentation flux for calcium during the season varied over three orders of magnitude. Differences in the calcium content of sediments trapped at various depths were insignificant. Sedimentation rates of titanium were used as tracers for the fluxes of calcium bound on allochthonous elastic material. Lacustrine calcite precipitation (39-49% of the total sedimentation rate) was obtained by subtracting fluxes of allochthonous Ca from the rates of total Ca sedimentation.
Autochthonous formation and subsequent precipitation of calcium carbonate is an important process in the carbon and calcium cycling in many hard waters. Through coprecipitation calcium carbonates affect nutrient budgets (Rossmann 1980; Rossknecht 1980; Murphy et al. 1983 ) and by adsorption they remove dissolved organic carbon (DOC) from the water (Suess 1970; Chave and Suess 1970; Otsuki and Wetzel 1972) . Hence, several studies have focused on the formation, reactions, settling processes, and deposition of CaCO, in lakes (cf. Minder 1922; Kelts and Hsii 1978; Effler 1984; House 1984) .
Various calcium carbonate minerals may occur in the aquatic environment either as primary carbonates or as the results of diagenetic processes in the sediments. Whether low Mg-calcites, calcite, aragonite, or dolomite phases form seems highly dependent on the ratio of Mg : Ca in the water (Miiller et al. 1972) . On the basis of these studies, calcite is the most common mineral deposited in low salinity lakes in temperate zones.
The calcite solution equilibria of freshwaters are computed from the activities of the calcium and carbonate ions and the sol-' This work was supported by the Deutsche Forschungsgemeinschaft (DFG Az: Ti 115/2). ubility constant with a set of equations outlined by Stumm and Morgan (198 1) . Most of the parameters affecting these equilibria can be measured easily (i.e. pH, temperature, alkalinity, calcium concentrations, and conductivity) and thus periods of supersaturation with respect to calcite can be calculated. Surprisingly, no comprehensive work has yet been done to compare changes in lake water supersaturation with actual changes in the sedimentation fluxes of calcium carbonates.
I have computed calcite saturation indices (following Berner 197 1) for the limnetic zone of an arm of Lake Constance, Uberlinger See. To evaluate factors which trigger calcite precipitation, I calculated mean indices for the euphotic zone and related these to changes in the daily sedimentation rates of calcium obtained from concomitant sedimentation trap experiments. Moreover, a quantitative separation of allochthonous from autochthonous fluxes of Ca was attempted and the impact of certain algal species on the precipitation of calcite in Lake Constance is discussed.
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Estimation of calcium carbonate saturation in lake water Miiller et al. (1972) observed that if the molar ratio of Mg : Ca is ~2, calcite and low-Mg calcite forms. I calculated saturation equilibria for CaCO, following Stumm and Morgan (198 1) . Whenever the ionic activity product of calcium and carbonate (IAP) in lake water exceeds the solubility constant the system is oversaturated and precipitation can occur. The solubility constant KSp of calcium carbonate is temperature-dependent (Jacobson and Langmuir 1974) .
Although chemical speciation-especially ion-pair association of CaHCO,+ and MgHCO,+ and complexation of Ca and dissolved organic matter-can significantly affect the ratios of "free" ionic concentrations and total concentrations, in Lake Constance ion-pair association has little influence on the activity coefficients of calcium and bicarbonate (Boyd 198 1) and can therefore be neglected. I therefore calculated equilibria from the concentrations of the respective ions and the uncorrected activity coefficients, which were obtained from the Debeye-Hiickel relation:
In this equation 2 denotes the valence of the ion, Z is the ionic strength, A and B are constants for a given solution, and aj is the diameter of the ion dissolved in water. The ionic strength changes with specific conductivity (xzO pmhos cm-l) and can be calculated by an empirical relation (Maier and Grohmann 1977) : Z = 1.83 x xzo x lo+.
According to Berner (197 1) A varies from 0.483 at 0°C to 0.5 13 at 3O"C, while in the same range of temperature B changes from 0.3241 to 0.329 x 10h8. Since in Lake Constance the specific conductivity varies from about 270 to 330 pmhos x cm-l, values of the denominator of the Debeye-Hiickel equation do not significantly differ from unity. In my calculations, therefore, I related activity coefficients only to A, 2, and I.
The carbonate anion concentration was obtained indirectly from equilibrium relations to the bicarbonate concentrations; values for the respective dissociation constant were derived from the equation given by Harned and Scholes (1941) .
In Lake Constance the bicarbonate concentrations can be easily assessed because the concentrations of other components contributing to alkalinity like COs2-, HPOd2-, Si(OH)30-, B(OH)4-, and NH3 are of minor importance. Provided that the samples cover the pH range from 6.5 to 8.5, the bicarbonate content can be obtained directly from measurements of alkalinity by acidimetric titration.
I thus estimated the IAP (ion activity product, where ion activity is the concentration times the activity coefficient) of calcium carbonate from simple measurements of calcium concentration, alkalinity, pH, temperature, and specific conductivity. I calculated a saturation index 8 (Berner 1971) :
to compare saturation conditions at different times and depths. This index can also be used for a chemical comparison of different lakes, provided that the above assumptions hold for the systems under study.
Materials and methods Lake Constance is a large, deep, mesotrophic lake in Central Europe at the northern fringe of the Alps (538 km2, max depth = 252 m, mean depth of the central basin = 100 m). Among others, Miiller (1964 Miiller ( , 1965 , Rossknecht (1977) , and Stabel and Tilzer (198 1) provide chemical data. I used phytoplankton data given by Sommer (198 1, 1984, in press) and primary production rates by Tilzer (1984) .
I measured water temperatures either with reversing thermometers or continuously with thermistor chains (Aanderaa) at 5-min intervals at 22 depths between 0 and 45 m (accuracy+ 0.1 "C). Water samples were taken at least weekly from 20 depths between 0 and 140 m at a central station of the Uberlinger See, a northwestern bight of the lake, with 9-liter nonmetallic Van Dorn samplers. This location was chosen because it is far (50 km) from the delta of the Alpenrhein River, which provides nearly 70% of the water inflow. Conductivity, pH, and titration alkalinity in unfiltered samples were measured on shipboard. Concentrations of suspended calcium minerals were low (between 0.1 and 1 mg Ca liter-') and therefore did not contribute significantly to total alkalinity.
Concentrations of dissolved Ca and Mg were determined by complexometric titrations (Titriplex III, Merck) in the laboratory. I used 2-hydroxy-l -(2'-hydroxy-4 -sulfonaphythyl -1 -azo) -naphthalin -carbonic-acid-(3) (calconcarbonic acid, Merck) as an indicator and indicator buffer tablets to determine water hardness (Ca and Mg contents), from which I obtained the Mg concentration by subtracting the Ca content. Atomic absorption spectrometry of several replicates gave Ca concentrations nearly 3% higher than did the titration method. This suggests that minor amounts of Ca are complexed with organic matter and thus not accessible to the titration analysis.
In 1980, I assessed the settling flux of particles with sedimentation traps designed by Zeitzschel et al. (1978) . These allowed sequencing time series of hours or days. For this study I chose intervals of 3 and 4 days and harvested the traps at least every 2 weeks. In the following years I used cylindrical Plexiglas sediment traps (100 cm high, lo-cm diam) (Bloesch and Burns 1980) . A mooring device (Kleiner et al. 1984) kept the traps at the desired position. To assess changes in the particle flux at different depths I suspended an array of sediment traps covering depths of 20 m (almost the maximum extension of the euphotic zone) at 40, 60, 80, 100, and 120 m. These traps were harvested at weekly intervals to minimize remineralization and diagenetic processes; no poison to prevent microbial activities was added.
After centrifugation the particulate material was dried (11 O"C, 24 h) and weighed. Particulate organic matter (POM) was determined by combustion at 520°C for 4 h. The inorganic residues were acidified (10 ml, 1 N HCl) and heated (lOO"C, 2 h). After adjusting the resulting solution to 100 ml with distilled water, I determined the Ca content titrimetrically.
The elemental composition of the settling material collected in 1980 was evaluated from combusted samples by X-ray fluorescence (Haffa 1983; Baitter 1983) . The experimental error was 0.7% in the Ca measurements and 9% in the titanium analyses.
After the removal of POM the inorganic residue of the material sampled in 198 1 was homogenized by grinding and analyzed with PIXE (proton-induced-X-ray-emission) spectrometry (Stabel and Kleiner 1983; Kleiner et al. 1984) . The calcium content of multiple samples assessed by this method and by titration differed by 6%. All data were corrected for the POM content.
Results
Saturation indices in the limnetic zone of Lake Constance-The saturation equilibrium of calcite in Lake Constance is regulated mainly by temperature and pH. Both factors fluctuate considerably in the euphotic zone (Fig. 1) . Nearly every year the lake mixes completely in March, when temperatures are uniformly between 4.0" and 4.4"C. Maximum epilimnetic temperatures of >22"C occur in August. Several factors including wind-induced water turbulence, surface and subsurface currents, and internal seiches influence the thickness of the epilimnion.
As a consequence isopleths of temperature as well as those of dissolved substances fluctuate with varying amplitudes and frequencies ( Fig. 1 ; see also Stabel and Tilzer 198 1) .
Variations in pH are caused mainly by phytoplankton production and decomposition. During summer stratification pH values range from 7.8 close to the bottom to 9.2 near the surface during the phyto- x 1 O-3 mol liter-'). The periods of summer minima (0.8 x 10m3 mol liter-') are short, indicating a rapid recovery of Ca content and a high rate of input into the epilimnion (Fig. 2) .
The concentrations of Mg (mean of the topmost 20-m layer) exhibit rather irregular patterns with fluctuations between 0.13 and 0.32 x lop3 mol liter-l. The molar ratios of Mg : Ca do not exceed 0.35 (Fig. 3) , favoring the formation of a pure calcite phase in the euphotic zone (Miiller et al. 1972) . Scanning electron micrographs (Stabel 1985) and X-ray diffraction analyses (Sturm et al. 1982 ) document authigenic calcite in the trap samples.
Daily mean alkalinities in the upper 20. m vary between 2.55 and 1.68 meq liter-l. These fluctuations are closely related to changes in the calcium concentrations (Fig.  2) . Changes of calcium and bicarbonate concentrations in the hypolimnion were insignificant.
Specific conductivity is highest during homothermy (330 pmhos cm-') and epilimnetic minima (230 pmhos cm-l) occur at times when Ca and bicarbonate concentrations are also minimal. According to Maier and Grohmann (1977) these values correspond to ionic strengths between 0.004 and 0.006. They are low enough so that ion-pair association can be neglected in calculating activity coefficients (Boyd 198 1) . In summary, seasonal variations in alkalinity, Ca content, and specific conductivity are covariant and regular.
I observed the following characteristics for saturation index (Q) patterns: plots of 8 vs. depth are uniform during the destratification period (between 0.94 and 1.03); with increasing thermal stratification and growing phytoplankton biomass, saturation indices also increase in the epilimnion (max during May 1982: !J = 3 1); hypolimnetic saturation indices, however, show only small variations, rarely exceeding values of 1.2, while during the end of summer stratification values are often below 1 .O in the deepest layers.
Values for the saturation indices (Fig. 4) O are highest in the topmost 6-m layers during stratification from April through September. Areas of maximum indices coincide with high pH values. Generally, in Lake Constance isopleths of the calcium carbonate saturation indices are closely related to those of pH, while there is less similarity in the annual patterns of Q and temperature (cf. Figs. 1 and 4) .
Calcium sedimentation
in Lake Constance-Calcium is the main elemental constituent of settling matter in Lake Constance (Stabel 1985) . Variations in the annual mean Ca content of sedimentary matter (Table 1) can be attributed both to changes in the annual mean discharge of allochthonous material and to varying autochthonous calcite precipitation rates. It is not clear, however, whether the sedimentation flux of Ca correlates directly with primary production rates of the phytoplankton, as was found by Megard (cited by Kelts and Hsii 1978) .
The mean annual values for both Ca and POM sedimentation fluxes vary little with depth (Table 2) , which is not the case for other elements (e.g. Mn; see Stabel and Kleiner 1983) . The slight decrease in the POM content of settling material with depth can be attributed to continuing microbial decomposition, while the nearly constant fluxes of Ca suggest only slight growth or dissolution of calcium carbonate crystals during sedimentation in the hypolimnion.
However, the Ca content of settling material trapped at 20 m varies seasonally ( weight) are observed from late fall through early spring, maxima (roughly 30%) in late spring and summer. During late fall, winter, and early spring, calcium fluxes are insignificant due to both low fluxes of dry weight and to low Ca content of settling material at these seasons. The daily sedimentation rates of Ca show a trimodal seasonal pattern (Fig. 6 ). The first maximum in May/earlyJune 198 1 is followed by very low sedimentation rates during the "clearwater phase" (Lampert and Schober 1978; Geller 1980 ). The sedimentation rates peak again during July/August, while in late August they decline steeply. During fall the sedimentary Ca fluxes are again enhanced. This annual pattern of Ca sedimentation varies little between years.
No other element exhibits a similar seasonal pattern in the daily fluxes (Stabel 1985) , which indicates that Ca settles independent of other elements with only minor coprecipitation.
Separation of autochthonous from allochthonous Cu sedimentation rates-We assume that the Ti : Ca ratio is constant for allochthonous input and therefore forms a convenient measure of the allochthonous vs. authigenic calcite content in the settling material. The mean Ti content of elastic material from the Alpenrhein is 0.27% of the dry weight. The mean annual concentration in lacustrine settling material, however, is considerably lower (0.132% in 1980 and 0.157% in 198 1), due to autochthonous contributions to the bulk material. In Lake Constance this material comprises resuspended bottom sediments, settling POM deriving from photosynthesis, diatomaceous silicon, and authigenic calcite.
The fluctuations in the Ti and Ca content of the settling material are nearly parallel from April through June 1980, from November 1980 through January 198 1, and from mid-September through November 198 1 (Fig. 5) . Except during episodes of calcite precipitation the correlation between Ti and Ca content can be described by a linear relation:
[Ti] = 0.087 + 0.0138 x [Cal.
Elemental concentrations in this equation are given in percent of dry weight; r = 0.732, n = 39, and limits of confidence are 95%.
I use this equation to estimate the allochthonous portion of the total Ca sedimentation rate from measurements of the Ti content of the sedimentary material. The authigenic Ca flux is obtained by subtraction of the calculated allochthonous contribution from the total sedimentation rate.
In 1980 the authigenic Ca flux comprises 60.8% of the total rate, in 198 1 it is 5 1.6%. This approach provides only rough estimates of lacustrine calcite precipitation due to errors in the sedimentation trap measurements (Bloesch and Burns 1980; Blomqvist and Hakanson 198 1) and imprecision of the analytical procedure.
Daily rates of authigenic Ca fluxes are calculated by the same procedure and plotted for 1980 and 198 1 (Fig. 7) . The patterns of these rates compared to total daily sedimentation rates (Fig. 6) show no time shifts in the sequence of high fluxes of Ca although the relative amounts differ. The summer maxima of the fluxes of Ca, therefore, are derived predominantly from lacustrine sources.
Phytoplankton triggering calcite precipitation in Lake Constance-Although extremes of supersaturation in Lake Con- Dinobryon divergens, and several others. Scanning electron micrographs of the particulate matter collected in the sediment traps show polyhedral crystals 20-40 pm in diameter (Sturm et al. 1982; Stabel 1985) , which often contain remnants of algae either attached to the crystals or occluded. To test the hypothesis that phytoplankton nucleates calcite crystallization in Lake Constance and thus initiates spontaneous decalcification I compared time sequences of autochthonous Ca precipitation with those of biomass development of several algal species (Fig. 8 ). For these species the maxima of biomass development correlate with maxima of Ca sedimentation rates, but other species also constituting major portions of the biomass never seem to interfere in the calcium carbonate equilibria of their habitat. Examples of the latter group of organisms are flagellates such as Rhodomonas lens, Rhodomonas minuta, and CryptomoThe nucleation of calcite precipitation by phytoplankton in 1980 seems less obvious than in the following years. The first period of calcite precipitation in 1980 (end of July) seems to be induced either by Fragilaria crotonensis or by Stephanodiscus hantzschii, although the population density of the latter species is already declining. There is no coincidence of a biomass maximum of any algal species with the high flux of Ca in mid-August 1980 (Figs. 7, 8 ), but there is in mid-September 1980 (third peak of Ca sedimentation rates; Mougeotia thylespora and S. hantzschii).
The vernal period of calcite precipitation in 198 1 (mid-May) correlates with biomass maxima of S. hantzschii and Chlorella sp., while the sedimentary flux of Ca during midJuly 198 1 is induced either by S. hantzschii or by Pandorina morum, and by Asterionella formosa (Fig. 8) . The second summer dy 197 l), and fulvic acids as well as by magnesium and inorganic phosphate. When present at high concentration these substances serve as inhibitors, at low concentrations they participate in adsorption or coprecipitation reactions (Suess 1970; Chave and Suess 1970; Otsuki and Wetzel 1972, 1974; Rossknecht 1980; Murphy et al. 1983) .
Most of these substances are unlikely to inhibit calcite formation in Lake Constance, because their concentrations are very low. During stratification epilimnetic concentrations of dissolved inorganic phosphorus are usually below our limit of detection (0.1 I.cmol liter-l).
Concentrations are highest during the period of circulation (between 2 and 3 pmol liter-l: Stabel 1984; Stabel and Tilzer 19 8 1). Since saturation conditions only allow calcite precipitation during the stratified period, the low concentrations of inorganic phosphorus in Lake Constance at that time are considered not to inhibit the process of calcite formation (Rossknecht 1980) . Dissolved organic carbon (DOC) ranges from 0.8 to 1.4 mg liter-'. There is little contribution of allochthonous DOC, which might contain considerable amounts of humic substances.
The weak correlation between epilimnetic time sequences of mean saturation indices and seasonal patterns of Ca sedimentation rates leads to the conclusion that while high supersaturation is a necessary precondition for the formation of calcite in Lake Constance, it is not the only reason for sudden events of precipitation.
In a simple aqueous solution a given degree of supersaturation is necessary for the formation of a new solid phase. The energy barrier and the nucleation rate depend critically on the degree of supersaturation (Stumm and Morgan 198 1) . Two modes of nuclei formation from supersaturated solutions can be dis-tinguished. Homogeneous nucleation is almost instantaneous at very high supersaturation ratios (i.e. 0 = IAP/K& > 100). But for mere tenfold supersaturation, homogeneous nucleation would not occur within geological time (Stumm and Morgan 198 1) . Heterogeneous nucleation, on the other hand, induced by external solid substrates, is the predominant process in natural waters. The critical ratio of supersaturation will decrease with increasing degree of surface interaction between the solid substrate and the nucleus. Kunz (1983) has shown that in the case of calcite nucleation, many solids can serve as catalysts in the crystal formation process. Inorganic materials like marble powder or aluminum oxide react as well as cellulose or whole cells of Pediastrum boryanum.
From our data on biomass development of epilimnetic algae and sedimentary fluxes of lacustrine calcium, it seems probable that in Lake Constance nucleation of calcite is catalyzed by phytoplankton. Only certain of the many species of phytoplankton seem able to induce nucleation. A definite seasonal succession in the biomass development of phytoplankton algae in Lake Constance is controlled either by abiotic properties of the habitat (stratification, advective transport, nutrient supply, light utilization) or by biotic parameters (edibility by herbivorous zooplankton, growth rates, resistance against parasites, etc.) (Sommer 198 1, 1984, in press) . Since this seasonal succession appears more or less at the same time of year, populations of the algae able to initiate calcite precipitation arise regularly at defined periods. It is still not certain whether the algae initiate calcite nucleation by surface reactions between solutes and cell walls or whether there is a physiological control. At least three mechanisms are possible:
l Photosynthetic uptake of HC03-and release of OH-can increase the pH in the microenvironment of the cell and thus enhance supersaturation there. As a consequence crystal formation might start very near the cell wall by homogeneous nucleation, although critical supersaturation indices in the macroenvironment are not achieved. l Algae may act as surface catalysts in the nucleation process. l In the case of nucleation by Diatoma elongatum very small micritic calcite crystals were precipitated only along morphologically well defined cell structures (Stabel 198 5) , indicating a coupling between'a surface effect and some metabolic activity.
In summary, though mechanistically not yet understood, algal control of calcite nucleation seems to trigger the sedimentary flux of calcium carbonate in Lake Constance.
